Copper is a transition metal that plays critical roles in many life processes. Controlling the cellular concentration and trafficking of copper offers a route to disrupt these processes. Here we report small molecules that inhibit the human copper-trafficking proteins Atox1 and CCS, and so provide a selective approach to disrupt cellular copper transport. The knockdown of Atox1 and CCS or their inhibition leads to a significantly reduced proliferation of cancer cells, but not of normal cells, as well as to attenuated tumour growth in mouse models. We show that blocking copper trafficking induces cellular oxidative stress and reduces levels of cellular ATP. The reduced level of ATP results in activation of the AMP-activated protein kinase that leads to reduced lipogenesis. Both effects contribute to the inhibition of cancer cell proliferation. Our results establish copper chaperones as new targets for future developments in anticancer therapies. *
Copper is a redox-active transition metal essential for most living organisms and serves as a catalytic cofactor for enzymes that function in antioxidant defence, iron homeostasis, cellular respiration and a variety of biochemical processes. However, intracellular free copper must be strictly limited because of its potential toxic side effects. The uncontrolled accumulation of copper could lead to increased oxidative stress and inappropriate binding to macromolecules. Most cells evolve complex systems of copper regulation and trafficking to satisfy the cellular copper requirements and simultaneously minimize the potential toxicity 1, 2 .
Once copper enters the cytoplasm, it is bound by cytosolic copper chaperones such as CCS and Atox1, which then transfer copper to specific cellular destinations. Copper transfer is mediated through protein-protein interaction and ligand exchange between the chaperone and the target protein 3, 4 . Atox1 binds Cu(I) with a conserved CXXC motif and delivers copper to the N-terminal metal-binding domains of ATP7A and ATP7B in the secretory pathway 5 , which includes the trans-Golgi network 6 . CCS transfers copper to the antioxidant enzyme Cu/Zn superoxide dismutase (SOD1) using a CXXC-containing copper-binding domain 7-10 that is structurally homologous to Atox1 [11] [12] [13] [14] . Low oxygen concentrations also promote CCS mitochondrial localization to protect cells on the superoxide released from the incomplete reduction of oxygen in mitochondria 2, 15, 16 .
Also, an increasing amount of evidence suggests that copper plays a significant role in the control of normal endothelial cell growth in wound healing 17 and cancer. Copper has long been recognized as an important factor in mammals for its ability to mount an angiogenic response [18] [19] [20] ; incubation with copper also induces an improved mobility in endothelial cells. In numerous cancerous tissues and serums, the concentration of copper is shown to exceed that of normal tissues 21 , but the detailed molecular mechanisms are not completely understood. A recent study indicated that Atox1 knockdown inhibits copper-stimulated proliferation of lung carcinoma cells 22 . Here we present organic molecules that target copper-trafficking proteins Atox1 and CCS and show that the copper-delivery functions of these copper chaperones are critical to cancer cell proliferation. The knockdown of these proteins or their selective inhibition effectively reduces the proliferation of cancer cells and significantly attenuates tumour growth in xenograft mice models. We further investigated the underlying mechanisms that indicate the critical roles of copper trafficking in cancer cells.
Results

Inhibition of Atox1 and CCS with small molecules
To investigate the impacts of copper trafficking on cancer cell proliferation and to elucidate the underlying mechanisms, we set out to develop organic small molecules that inhibit the human copper chaperones Atox1 and CCS. We envisioned that these molecules could be used to block cellular copper trafficking to reveal the potential responses of cancer cells (Fig. 1a ).
As Atox1 and domain I of CCS share a similar βαββαβ-protein fold structure [11] [12] [13] and copper-binding site 23, 24 (Fig. 1b and Supplementary Fig. 3a ), we aimed to find small molecules that may block the potential copper-transfer interfaces essential to the activity of copper-dependent enzymes. We performed a hierarchical virtual screening strategy based on characterized structures and the established copper-transfer mechanism (Fig. 1c ). DOCK4.0 25 was used for the screening of the Specs database, which contains more than 200,000 compounds. Out of this screen, and based on the structural features, physical chemistry properties and drug-like characteristics, 237 compounds were selected for more bioactivity testing (see Methods for more details).
To validate small molecules identified in the virtual screening, we utilized a previously developed fluorescence resonance energy transfer (FRET)-based probe named eCALWY3 26 to examine the inhibition effects of these 237 candidates. The eCALWY3 probe used in this study consists of Atox1 and domain 4 of its copper-binding partner ATP7B (WD4) fused to the FRET partner fluorescent proteins (excitation at 433 nm and emissions at 475 nm and 527 nm) and connected through a long flexible linker; Atox1 delivers Cu(I) to WD4 through protein-protein recognition and Cu(I) exchange via conserved Cys residues in both proteins. Binding of either Cu(I) or Zn(II) is known to induce a twofold decrease of the FRET ratio in eCALWY3, although Cu(I) is the biologically relevant metal of this complex. We envisioned that a small molecule that specifically binds at the interface would inhibit the metal-mediated formation of the complex between Atox1 and WD4, which would lead to an increased FRET ratio similar to that of the apo form of eCALWY3.
Six compounds (at 100 μM) exhibited inhibition of the Atox1-WD4 interaction in the presence of metal ( Fig. 1d , Supplementary Fig. 1 and Supplementary Table 1 ). Treatment with these small molecules markedly reduced cell proliferation in several human cancer cell lines tested, including lung cancer H1299, head and neck cancer 212LN, and breast cancer MB231 cells ( Supplementary Fig. 2a -c). Minimal effects were observed in several normal cells, such as normal human PIG1 melanocyte cells and normal human dermal fibroblasts (HDF) cells ( Supplementary Fig. 2d ,e). Taking into account both the FRET screening and cell-killing assay, DC_AC2 and DC_AC50 were selected as the two best candidates for our studies. DC_AC2 was later shown to be toxic in mice experiments, which led us to focus on DC_AC50.
Binding of DC_AC50 to Atox1 and CCS
To look for the direct binding of DC_AC50 to its target proteins, we expressed and purified Atox1, full-length CCS and domain I of CCS in E. coli. We discovered that DC_AC50 is a self-fluorescing compound with excitations at 290 nm and 355 nm, and emission at 494 nm ( Supplementary Fig. 3b ); the excitation and emission wavelengths are different from those of eCALWY3 used in the previous FRET measurement. As a result of the intrinsic fluorescence of DC_AC50, we anticipated that a FRET between Atox1/CCS and DC_AC50 could occur. As shown in Fig. 2a ,b, Atox1 and full-length CCS display their maximum fluorescent signals at 335 and 350 nm, respectively, when excited at 278 nm in the absence of DC_AC50. With the addition of DC_AC50, the peak at 335 or 350 nm, which corresponds to the emission of Tyr or Trp, respectively, was reduced, whereas the emission of DC_AC50 at 494 nm was elevated. As the emission intensity at 335 or 350 nm depends on the molar ratio of protein-DC_AC50 versus protein, the binding affinities of the protein to the small molecule could be calculated through this measurement (K d , ∼6.8 μM for Atox1 and ∼8.2 μM for full-length CCS) ( Fig. 2c,d ). Also, we applied fluorescence anisotropy (FA) to measure the binding affinities of DC_AC50 to Atox1 and CCS. To 1 μM of DC_AC50 we added increasing concentrations of Atox1, full-length CCS and domain I of CCS with excitation at 355 nm. Fluorescent emission at 494 nm was recorded and the FA changes were used to obtain accurate K d values of 6.4 μM for Atox1, 7.9 μM for full-length CCS and 12.2 μM for CCS domain I ( Supplementary Fig. 3c,d ). These K d values corroborated the affinities measured by FRET. Finally, surface plasmon resonance (SPR) was used to confirm the binding of the small molecule to these proteins ( Supplementary Fig.  3e ,f).
Computational models were built to reveal the potential binding modes of DC_AC50 to Atox1 and to domain I of CCS, and these indicated that DC_AC50 was bound with similar conformations to both targets ( Fig. 2e ,f). The binding sites of the small molecule are located at the potential copper-transfer interfaces of these chaperone proteins but not on the copperbinding cysteine residues (Cys12 and Cys15 for Atox1, and Cys22 and Cys25 for CCS); binding of the small molecule would disrupt the copper-transfer function of these two chaperones by inhibiting protein-protein interactions. According to the model, the side chains of residues Glu17, Arg21 and Lys60 in Atox1 form three hydrogen bonds with the heteroatoms of DC_AC50, whereas the side chains of Val22, Ala35 and Thr58 form hydrophobic packing with the substituted phenyl group of DC_AC50 ( Fig. 2e ). As for the interaction between domain I of CCS and DC_AC50, the side chains of Asp27 and Lys31, which in Atox1 correspond to Glu17 and Arg21, respectively, also form two hydrogen bonds with the small molecule ( Fig. 2f ). Ser24, which occurs as a glycine (Gly14) in the corresponding site of Atox1, forms an additional hydrogen bond with the amino group of DC_AC50. In addition, the side chains of Ala28, Ser32 and Thr69 may take part in hydrophobic packing between domain I of CCS and DC_AC50 (Fig. 2f ).
To characterize the binding further, we performed a 1 H-15 N heteronuclear single-quantum correlation NMR titration of DC_AC2 to Cu(I)-free Atox1. DC_AC2 has the same core structure as DC_AC50 and has a higher solubility in water than DC_AC50, which results in better NMR signals for this study. The NMR data clearly revealed the interactions between Cu(I)-free Atox1 and DC_AC2 ( Supplementary Fig. 4a ). The addition of DC_AC2 into the solution of Cu(I)-free Atox1 significantly perturbed and attenuated the following residues with chemical shifts: Ser7, Ala18, Val19, Ser20, Val22, Leu23, Lys25, Gly27, Val29, Lys30, Asn37, Lys38, Glu43, His46, Met48, Thr50, Leu52, Ala53, Leu55, Lys57, Thr58 and Gly59. The perturbed residues localized to α-helices 1 and 2 ( Supplementary Fig. 4b ), which indicates that the interface that constituted two helices modulates the binding of DC_AC2 to Cu(I)-free Atox1.
In addition, DC_AC2 exhibited similar binding behaviour to both Cu(I)-loaded Atox1 and apo-Atox1 ( Supplementary Fig. 4c, d ), which suggests that the Cu(I) ion is not required for the interaction between Atox1 and DC_AC2. In fact, the addition of Cu(I) caused the expected chemical shift changes of residues in the copper-binding motif of 11 TCGGCA 16 of Atox1 regardless of the presence of DC_AC2 ( Supplementary Fig. 4e ). Based on the aforementioned NMR titration data, a structure model for the complex of Atox1 bound with either DC_AC2 or DC_AC50 was generated ( Supplementary Fig. 4f ).
To support the computational models, we constructed several Atox1 and full-length CCS mutants by replacing selected residues with Ala (Glu17A, Arg21A, Val22S, Lys60A and Thr58A in Atox1, and Ser24A, Asp27A, Lys31A, Ser32A and Thr69A in full-length CCS). As shown in Supplementary Fig. 5a ,b, the mutation of these amino acids weakened the binding affinities (three-to sixfold) of DC_AC50 to the mutant protein as compared with the wild-type Atox1 and CCS. These results support the direct binding of DC_AC50 to potential copper-transfer interfaces of the copper chaperones.
DC_AC50 reduces cancer cell proliferation and tumour growth
Further evaluation revealed that DC_AC50 is highly efficient at inhibiting cancer cell proliferation (human lung cancer H1299 cells, leukaemia cancer K562 cells, breast cancer MDA-MB-231 cells and head and neck cancer 212LN cells) in a dose-dependent manner ( Fig. 3a ) with minimal effects on several non-cancerous cell lines (normal human immortalized melanocyte PIG1 cells, HDF cells and human immortal keratinocyte HaCaT cells) ( Fig. 3b ). In addition, we found that DC_AC50 fails to exhibit any notable inhibition of the cell proliferation of human normal epithelial lung BEAS-2B cells or breast MCF-10A cells as control cells (Fig. 3b ,c). Using western blotting, we confirmed that both Atox1 and CCS were expressed at higher levels in lung cancerous H1299 cells compared with normal cells ( Supplementary Fig. 6a,b ). To demonstrate that Atox1 and CCS are cellular targets of DC_AC50, we performed the knockdown of Atox1 or CCS in lung cancer H1299 cells by using short-hairpin RNA ( Supplementary Fig. 6c ), which resulted in a reduced cell proliferation ( Fig. 3d ), indicating that both proteins play important roles in cancer proliferation 22, 27, 28 . We further showed that re-expression of Atox1 and CCS rescued cell proliferation in the corresponding knockdown cells ( Supplementary Fig. 7a,b ). Importantly, we observed no significant decrease in cell proliferation of the Atox1/CCS knockdown normal HaCaT cells ( Fig. 3e ), which suggests Atox1 and CCS are of special importance for cancer cell proliferation compared with normal cell proliferation.
To examine further Atox1 and CCS as cellular targets of DC_AC50, we also tested ZYAT36, an inactive control compound that has a similar chemical structure to that of DC_AC50 ( Fig. 3f and the Supplementary Information), but does not bind tightly to Atox1 and CCS (K d > 250 μM for Atox1 and ∼118 μM for full-length CCS) ( Supplementary Fig.  3g ,h). We observed minimal effects of cell-proliferation inhibition in H1299 cells when using this compound ( Fig. 3g ). We also studied the inhibition of H1299 cells with a stable knockdown of either Atox1 or CCS, as well as a double knockdown. Cells with a stable knockdown of either Atox1 or CCS were still susceptible to the treatment with DC_AC50, but to a lesser extent compared with the control without knockdown; however, double knockdown of Atox1 and CCS resulted in a diminished further inhibition of cell proliferation by DC_AC50 (Fig. 3h ), and thus establishes Atox1 and CCS as cellular targets of DC_AC50. Finally, we performed a cellular thermal-shift assay, a recently developed target-engagement assay 29 , to confirm the cellular binding of DC_AC50 to both proteins ( Supplementary Fig. 7c,d ). Taken together, these results support Atox1 and CCS as the cellular targets of DC_AC50 in inhibiting cancer cell proliferation.
To test the effect of DC_AC50 on tumour xenograft growth, we synthesized a large quantity of DC_AC50 for animal model work (see the Supplementary Information). The initial toxicity studies by the chronic injection of DC_AC50 (100 mg kg −1 per day) into nude mice revealed that DC_AC50 did not result in significant alterations in complete blood-cell counts or in the haematopoietic properties of nude mice ( Supplementary Fig. 8 ). Then, nude mice were injected with lung cancer H1299 cells ( Fig. 3i and Supplementary Fig. 9a ) or leukaemia cancer K562 cells ( Supplementary Fig. 9b ) and treated with 100 mg kg −1 per day of DC_AC50 for 21 days. We found that treatment with DC_AC50 resulted in a significantly decreased tumour size compared with mice that received the vehicle control. We lowered the dose to 10, 20 and 50 mg kg −1 per day, and found similar tumour-inhibition effects in the leukaemia K562 mice model ( Supplementary Fig. 10a-c) . At doses of 10-50 mg kg −1 per day, DC_AC50 did not cause any obvious toxicity or a change in body weight or haematological properties in mice ( Supplementary Fig. 10d,e ). Next, a cellular thermalshift assay was performed in tumour tissues isolated from H1299 nude xenograft mice, which revealed that the treatment with DC_AC50 stabilized Atox1 and CCS in these tumour tissues at 10 mg kg −1 per day and 50 mg kg −1 per day ( Supplementary Fig. 11a ). These data indicate that targeting Atox1 and CCS by DC_AC50 can suppress tumour growth effectively without affecting normal tissues in mice.
DC_AC50 induces cellular reactive oxygen species (ROS) accumulation
The high efficacy and selectivity against cancer cells and tumour xenograft by DC_AC50 prompted us to investigate further the underlying mechanism with H1299 as a model cell line. We employed inductively coupled plasma mass spectrometry to measure the total cellular copper content on the inhibition of Atox1 and CCS in H1299 cells. The addition of DC_AC50 led to an increase of ∼45% in the total cellular copper content ( Fig. 4a ). As expected, we found that treatment with DC_AC50 (10 mg kg −1 per day) induced a copper accumulation of ∼20% in tumour tissues isolated from H1299 nude xenograft mice ( Supplementary Fig. 11b ). Atox1 is crucial for copper secretion; therefore, its inhibition is expected to increase the total cellular copper content 27 (an increase of ∼53% was observed on Atox1 knockdown). The knockdown of CCS also led to a slight accumulation of cellular copper (∼22%), which could be caused by the disruption of cellular copper trafficking. When we knocked down both Atox1 and CCS we observed another increase in cellular copper content (∼73%) compared with the knockdown of just Atox1, in agreement with the results obtained when DC_AC50 was used as an inhibitor (Fig. 4a ). As a control, we added the copper chelator tetrathiomolybdate (TM), and observed a decrease of the total cellular copper content (∼40%), as expected ( Fig. 4a ). Meanwhile, we observed increased levels of metallothionein 12 hours after DC_AC50 treatment ( Supplementary Fig. 12a ). This effect could also result from the increased cellular copper level induced by DC_AC50 treatment. We wondered whether cellular copper accumulation might contribute to oxidative stress. Indeed, we found that Atox1/CCS knockdown or the treatment of H1299 cells with DC_AC50 (10 μM) led to a significant increase in cellular ROS levels (Fig. 4b,c ), accompanied by a decrease in the reduced glutathione (GSH) level and an increase in the oxidized glutathione (GSSG) level in H1299 cells ( Fig. 4d,e ). In contrast, the ROS level did not change in normal HaCaT cells with DC_AC50 treatment or in H1299 cells with the inactive control compound ZYAT36 ( Fig. 4f,g) . We also noticed a moderate reduction in the ratio of nicotinamide adenine dinucleotide (NADPH)/NADP + ) in H1299 cancer cells after DC_AC50 treatment or Atox1/CCS knockdown ( Fig. 4h ,i; see the next section (DC_AC50 reduces cellular ATP production) for a mechanism that underlies reduced NADPH); NADPH provides the main reducing equivalents to counter the toxicity of ROS through the regeneration of GSH. The ROS increase observed in H1299 cells can be rescued almost completely by treatment with the ROS scavenger N-acetyl-L-cysteine (NAC) (Fig. 4j ).
Next, we examined whether a change of cellular SOD activity may also contribute to the increased oxidative stress when the dysfunction of copper delivery from CCS to SOD1 occurs. We found that the total SOD activity increased at 12 hours, but decreased after 48 hours of treatment with DC_AC50 in H1299 cells ( Supplementary Fig. 12b ). Meanwhile, we observed a fluctuation in the levels of the SOD1 and SOD2 in H1299 cells treated with DC_AC50 ( Supplementary Fig. 12c ). Then, we examined the effect of DC_AC50 on the activities of SOD1 and SOD2 by an ingel SOD-activity assay. Treatment with DC_AC50 in H1299 cells resulted in increased activities at 12 hours, but in reduced activities after 48 hours for both proteins ( Supplementary Fig. 12d ), consistent with the reduced total SOD activity observed after 12 hours and 48 hours. The short-term elevation of total SOD activity could result from an adaptive response to increased ROS stress. However, the blockage of copper supply eventually led to a reduced total SOD activity after 48 hours. Finally, we tested the inactive control compound ZYAT36, which did not induce changes of the total SOD activity nor of the protein levels in H1299 cells ( Supplementary Fig. 12e,f) . Therefore, the reduced cellular SOD activity could also contribute to the increased ROS level on DC_AC50 treatment.
The presence of an increased oxidative stress was confirmed by the observation of noticeably increased levels of 8-oxo-2′-deoxyguanosine (8-oxo-dG) in cancerous genomic DNA, one of the major products of DNA oxidation during oxidative damage after DC_AC50 treatment or Atox1/CCS knockdown ( Supplementary Fig. 13a,b ). Importantly, DC_AC50 did not lead to an obvious increase in the 8-oxo-dG level in normal HaCaT cells ( Supplementary Fig. 13c ). Interestingly, treatment with DC_AC50 did not noticeably induce apoptosis in H1299 cancer cells and in normal cells (HaCaT and MCF-10A) ( Supplementary  Fig. 14) . As redox balancing is much more sensitive to cancer cell survival 30, 31 compared with that of normal cells, the selective inhibition of cancer cell proliferation could be achieved with DC_AC50 by inducing ROS specifically in cancer cells, leaving normal cell proliferation unaffected.
DC_AC50 reduces cellular ATP production
Metabolic processes play an essential role in the regulation of the cellular redox balance. Prior research shows that high levels of ROS can lead to mitochondrial dysfunction 32 . To establish if the inhibition of copper trafficking results in additional metabolic defects in cancer cells, we examined the bioenergetics properties of DC_AC50-treated cells. Aerobic glycolysis is a key metabolic character in various human cancers [33] [34] [35] . However, although we observed noticeably reduced cellular ATP levels on treatment with DC_AC50 or Atox1/CCS knockdown in H1299 cells (Fig. 5a ), neither treatment significantly altered lactate production, glucose uptake or glycolytic rate ( Supplementary Fig. 15a-d) , which indicates that DC_AC50 is unlikely to function directly within the glycolysis pathway.
Copper is also an essential cofactor for the electron-transfer and oxygen-reduction activity of cytochrome c oxidase (COX), the key enzyme responsible for oxygen reduction in the process of oxidative phosphorylation (OXPHOS) in mitochondria. This process provides energy for the aerobic metabolism of all animals, plants, yeasts and some bacteria. It is plausible that treatment with DC_AC50 may result in the interference of OXPHOS, which would subsequently lead to an increased ROS level and reduced ATP production in these cancer cells.
Although proteins (for example, COX17) or potential copper ligands 2,36 may function in the copper delivery to COX, the exact mechanism as to how copper makes its way from the site of transport via Ctr1 to the mitochondrial intermembrane space in cancer cells is not well understood. Previous reports indicated that a defected ATP7B, one of the major copperdelivery targets of Atox1, could lead to altered COX activity in mice 37 . We found that the activities of COX (units ml −1 ) in H1299 cells in the presence of DC_AC50 are significantly lower than those of the control (Fig. 5b) . To investigate further the potential effects of Atox1 and CCS on COX activities, we knocked down Atox1 and CCS in H1299 cells, and observed decreased COX activities as found in the experiment with DC_AC50 treatment (Fig. 5c ). We also showed that re-expression of Atox1 and CCS rescued COX activity in H1299 cells in the presence of DC_AC50 (Fig. 5d ). This result strongly indicates that DC_AC50 influences COX activity through Atox1 and CCS in these cells. Next, after DC_AC50 treatment or Atox1/CCS knockdown we observed a reduced expression of COX sububits 1 and 2 (COX1 and COX2) ( Fig. 5e,f) , which are two copper-binding sub-units of COX. Treatment with DC_AC50 or Atox1/CCS knockdown resulted in significant decreases in the rate of oxygen consumption (Fig. 5g,h) and reduced NADH level ( Supplementary Fig. 15e -g) in H1299 cells. As expected, the inactive control compound ZYAT36 caused minimal effects on the ATP level, COX activities and oxygen consumption in the same H1299 cells ( Fig. 5i-l) .
DC_AC50 decreases lipid biosynthesis through AMP-activated protein kinase (AMPK) activation
To maintain a normal cellular ATP level is critical to cancer cell proliferation 33, 35 . A defective OXPHOS may preferentially signal the inhibition of growth in cancer cells. Indeed, although DC_AC50 treatment did not affect glucose-dependent RNA synthesis ( Supplementary Fig. 15h ), we observed significant decreases in lipid biosynthesis and the NADPH/NADP + ratio in the H1299 cancer cells (Figs 4h and 6a,b) . These data are consistent with our observation that DC_AC50 does not affect glycolysis but rather inhibits mitochondrial OXPHOS, because RNA biosynthesis depends on glycolytic intermediates derived from the pentose phosphate pathway (PPP), whereas lipid biosynthesis makes use of citrate from the tricarboxylic acid cycle and NADPH as precursors. NADPH is the most crucial metabolite produced by the PPP; NADPH not only fuels lipid biosynthesis, but also functions as a crucial antioxidant, quenching ROS produced during the rapid proliferation of cancer cells. The reduced NADPH production observed with DC_AC50 treatment in cancer cells should potentiate ROS accumulation further.
To elucidate in more detail the mechanism that underlies the DC_AC50-dependent inhibition of lipogenesis, we reasoned that reduced levels of ATP would result in the activation of the AMP-activated protein kinase 38, 39 , a central sensor of cellular metabolism, which subsequently leads to increased phosphorylation of its direct target, acetyl-CoA carboxylase 1 (ACC1), and the inhibition of lipid biosynthesis 40, 41 . Indeed, treatment with DC_AC50 increased the levels of AMPK phosphorylation (p-AMPK) and ACC1 phosphorylation (p-ACC1) (Fig. 6c ). In our subsequent investigations we observed significantly reduced lipid biosynthesis in H1299 cancer cells with Atox1 and/or CCS knockdown (Fig.  6d,e ). The effects are less significant in the non-cancer HaCaT cell line or with the use of an inactive control compound ZYAT36 (Fig. 6f-h) . The ROS scavenger NAC failed to rescue these effects; however, treatment with an AMPK inhibitor compound C together with DC_AC50 almost completely reversed the increased phosphorylation on both proteins, and recovered lipid biosynthesis in H1299 cells (Fig. 6i ). Together these data indicate that the inhibition of copper trafficking by DC_AC50 results in metabolic attenuations in bioenergetics (OXPHOS), anabolic biosynthesis (lipogenesis) and redox homeostasis (ROS production), which all lead to the preferential inhibition of cancer cell proliferation.
We next sought to determine if the combination of these effects could account for the observed inhibition of cancer cell proliferation by DC_AC50, or if any were cellular responses to a decreased cancer cell proliferation. We found that treatment with either NAC or compound C partially rescued the cancer cell proliferation caused by DC_AC50 (Fig. 6j) . When cells were treated with both NAC and compound C, we observed an almost complete rescue of cell-proliferation inhibition induced by DC_AC50 (Fig. 6j) . These results further support that the inhibition of copper trafficking induces an increased ROS level and AMPK activation (through a reduced ATP production), which together attenuate cancer cell proliferation and tumour growth. The combined results presented here also establish Atox1 and CCS as viable anticancer targets and copper trafficking as a new pathway for future therapeutic developments.
Discussion
Copper plays essential roles in mammalian bioenergetics and is critical in controlling cellular ROS levels; both processes are crucial to cancer cell proliferation [42] [43] [44] [45] . Cancer cells are known to accumulate more copper than normal cells. To deplete cellular copper, copper chelators, such as TM, were developed previously to study cell responses under copper 'starvation' conditions 46, 47 . Although the information gained in this regard has been valuable, these chelators suffer from the nonspecific binding of copper and other metal ions, which depletes both intracellular and extracellular copper, and thus leads to toxicity effects. We report here small molecules that specifically block copper-transport proteins inside cells without depleting the extracellular copper, which allows for the investigation of the precise cellular effects as well as the underlying mechanisms associated with the selective inhibition of copper trafficking.
With the small molecules that we developed to block the copper-trafficking chaperones Atox1 and CCS, we observed the selective inhibition of cancer cell proliferation with minimal effects on normal cells at the doses we applied. Mouse-model experiments further confirmed the effective inhibition of tumour growth with minimum side effects observed. The inhibitor leads to an accumulation of cellular copper instead of the depletion typically observed with the use of copper chelators.
By using cell-proliferation assays with H1299 (lung cancer), K562 (leukaemia), MB231 (breast cancer) and 212LN (head and neck cancer), we showed that treatment with DC_AC50 markedly reduced cell proliferation in these human cancer cell lines. We noticed significantly increased ROS levels in these cells, but not in normal cells, on treatment with DC_AC50. Several effects could contribute to the increased cellular ROS level: (1) the overall accumulation of copper inside the cells and the decreased SOD1 activity on blocking Atox1 and CCS ( Fig. 4a and Supplementary Fig. 12d ) increase oxidative stress; (2) the reduced ATP production leads to reduced cellular NADPH and GSH, which are critical for the elimination of ROS produced in cancer cells. GSH was recently suggested to play an important role in copper and copper-chaperone interactions 48 ; the reduced GSH level may also affect copper uptake in mammalian cells. The combination of these effects could give rise to significantly increased ROS levels in cancer cells on blocking copper chaperones with DC_AC50 ( Supplementary Fig. 17 ). As cancer cells produce more ROS [42] [43] [44] and are more sensitive to ROS 30,31 , a preferential inhibition of cancer cell proliferation on inhibiting Atox1 and CCS occurred. An inactive control compound does not induce ROS accumulation and fails to inhibit cell proliferation.
We have also shown that the activity of COX is reduced on the knockdown of Atox1 and CCS or inhibition of these proteins using the inhibitor in cancer cells. This result suggests that Atox1 and CCS may directly or indirectly contribute to copper trafficking across mitochondrial membranes in cancer cells. The attenuated OXPHOS, most probably the result of insufficient copper transport to COX, leads to decreased ATP production and activation of AMPK, which subsequently leads to increased phosphorylation of the direct targets of AMPK and ACC1, and probably to inhibition of lipid biosynthesis. It is possible that additional pathways exist to connect cellular copper availability to lipid metabolisms, which may also explain the observed effects through inhibiting the copper delivery inside cancer cells. Again, an inactive control compound fails to elicit these effects. A recent study also showed that the administration of the copper chelator TM leads to a reduced copper loading to COX and tumour-growth inhibition 46 .
Lastly, the DC_AC50-based inhibition reduced cell proliferation as potently as cisplatin and more effectively than the copper chelator TM ( Supplementary Fig. 16 ). The use of TM to disrupt copper loading to COX could reduce ATP production and limit tumour growth 46 . However, increased ROS was not observed using a copper chelator. The increased glycolytic activity with the use of a copper chelator was not observed in our approach. We show here that by specifically targeting copper-transport proteins Atox1 and CCS with small molecules, we can generate decreased lipogenesis via reduced ATP production and significantly increase the ROS levels. Both effects contribute to a specific and significant inhibition of cancer cell proliferation ( Supplementary Fig. 17 ).
Our inhibitor targets the protein-protein interaction interface of Atox1 and potential coppertrafficking surface on CCS, and exhibits low micromolar affinities to Atox1 and CCS. Although we have multiple experiments to demonstrate both in vitro and in vivo effects of the inhibitor, we could not exclude the potential presence of other targets that may work synergistically with the inhibition of Atox1 and CCS. However, the cell-proliferation inhibition demonstrated through the knockdown of both copper chaperones establishes these proteins as potential new targets for future anticancer biomedical research and therapeutic developments. The inhibitor and strategy presented here should stimulate future research and developments towards this goal.
Methods
Virtual screening for Atox1-binding small molecules
A hierarchical virtual-screening strategy was based on characterized structures and the established copper-transfer mechanism [11] [12] [13] [14] . DOCK4.0 was used for the initial screening on the Specs database, which contains more than 200,000 commercially available compounds. The Atox1 crystal structure (PDB entry 1FEE) was used as the docking receptor and residues in the copper-transfer protein-protein interaction interface were defined as the binding site. A standard DOCK scoring function was used to rank the result list and the topranked 10,125 candidates were rescored by the CSCORE (consensus score) module of SYBYL 6.8 (Tripos Inc.). CSCORE combines multiple types of scoring functions, including FlexX, Dock, Gold, ChemScore and Potential Mean Force scoring schemes to produce a consensus to evaluate ligand-receptor interactions.
Compounds that had a consensus score of four or five or that were ranked in the top 10% by at least four out of five scoring functions were evaluated further by Autodock 4.0 49 . Based on an empirical binding free energy estimated by Autodock 4.0, 301 compounds with the highest estimated binding affinity were chosen, and then structurally clustered to 50 clusters based on their two-dimensional (2D) molecular fingerprints using the Cluster Molecules module in Pipeline Pilot 7.5 (Scitegic, Inc.). To ensure the structural diversity of the selected compounds, two to three compounds with good drug-like properties (molecular weight <500, log P < 5 and polar surface area <140 Å) were selected from each cluster. Finally, 127 compounds in total were selected and purchased for the first round of biochemical assay described below. Based on the structures of the four active compounds identified by the first-round biochemical assay, a 2D similarity search and scaffold hopping were conducted using FP2 and SHAFTS methods implemented in the ChemMapper web server 50 . After water-solubility prediction and structural clustering of the 520 newly screened hits using Solubility and Cluster Molecules modules implemented in Pipeline Pilot 7.5, 110 structurally diverse candidates were purchased for the final biochemical assay.
eCALWY3 FRET measurement
FRET with eCALWY3 (1 μM) was performed in 150 mM HEPES, 100 mM NaCl, 1 mM dithiothreitol (DTT) and 10% glycerol (pH 7.1). Zn 2+ titration was performed by mixing 0.9 mM Zn 2+ from a slightly acidic stock solution of ZnCl 2 with buffering systems that consisted of 1 mM DHPTA (1,3-diaminopropanol tetraacetic acid). Subsequently, we treated the FRET probe with 100 μM of the small molecules identified from the computational screen. The volume of dimethylsulfoxide (DMSO) was less than 5 μl in 200 μl HEPES buffer. Fluorescence spectra were recorded on a Varian Cary Eclipse spectrometer. Protein concentration was determined by measuring the citrine absorbance at 515 nm using an extinction coefficient of 77,000 M −1 cm −1 . The eCALWY3 excitation is at 433 nm and the citrine/cerulean emission ratio was calculated by dividing the emissions at 527 nm and 475 nm, respectively.
Measurement of ROS production
Cells were treated with DMSO and DC_AC50 for 12 hours and ROS generation was detected with dichlorodihydrofluorescein diacetate (DCFH-DA). Cells were incubated with 10 μM DCFH-DA for 30 minutes at 37 °C, washed twice with PBS and immediately analysed with a FACScan flow cytometer. H1299 cells were treated with 3 mM NAC and 5 μM DC_AC50 for 12 hours. Results are represented as the mean and s.e.m. of at least three independent experiments.
Measurement of intracellular ATP production
An ATP-bioluminescent somatic-cell assay kit (Sigma) was used to measure the intracellular ATP concentration. Cells were treated with DMSO and DC_AC50 for 12 hours and 1 × 10 6 cells were trypsinized and resuspended in ultrapure water. Luminescence was measured with a spectrofluorometer (SPECTRA Max Gemini, Molecular Probe) immediately after the addition of the ATP enzyme mix to the cell suspension. The results are represented as the mean and s.e.m. of at least three independent experiments. DOCK4.0 was used to screen the Specs database, which contains more than 200,000 compounds. Out of this screen, and based on their structural features, physical chemistry properties and drug-like characteristics, 237 compounds were selected for further bioactivity testing with six hits discovered. d, The structures of the six representative hits. Supplementary Fig. 7c ). e, Knockdowns of Atox1 and CCS did not significantly reduce cell proliferation in normal HaCaT cells. Knockdowns of Atox1 and CCS were confirmed via western blotting. f, The structures of DC_AC50 and the inactive control compound ZYAT36. g, Treatment with the inactive control compound ZYAT36 at 10 μM showed minimal effects in the H1299 cells for 72 hours. h, Knockdowns of Atox1 and CCS resulted in a diminished further inhibition of cell proliferation by DC_AC50 (0-10 μM). i, Tumour growth and tumour size in xenograft nude mice injected with H1299 cells compared with the group of mice treated with DC_AC50 and the control group treated with vehicle control. PLKO.1 is the name of the lentiviral vector as a control for the stable knockdown assay. Error bars, mean ± s.e.m., n = 3 biological replicates. P values were determined by a twotailed Student's t test. *P < 0.05, **P < 0.005. n.s., not significant. a, The addition of DC_AC50 (10 μM) and the knockdown of Atox1 both led to an increase in the total cellular copper after 12 hours. The knockdown of CCS also led to a slight increase in the cellular total copper content after 12 hours. Knockdowns of Atox1 and CCS were confirmed via western blotting. b,c, Treatment with DC_AC50 or knockdown of Atox1/CCS induced ROS elevation in H1299 cells. d,e, DC_AC50-induced ROS elevation accompanied by a reduced total GSH and increased GSSG level in H1299 cells after 12 hours of treatment. f,g, The ROS levels showed minimal effects in normal HaCaT cells with DC_AC50 treatment (0-10 μM) or in H1299 cells with the inactive control compound ZYAT36 (10 μM) treatment for 12 hours. h,i, The NADPH/NADP + ratio decreased with the DC_AC50 treatment (10 μM) or Atox1/CCS knockdown in H1299 cells. j, DC_AC50induced ROS can be rescued by NAC in H1299 cells. Cells were pretreated with 1 mM or 3 mM NAC for one hour, followed by 5 μM DC_AC50 for 12 hours. Error bars, mean ± s.e.m., n = 3 biological replicates. *P < 0.05, **P < 0.005, ***P < 0.0005. RLU, relative luminescence units. shRNA, short hairpin RNA; siRNA, small interfering RNA. Figure 5 . Treatment with DC_AC50 or Atox1/CCS knockdown decreases the cellular ATP level, COX activities and the rate of oxygen consumption in cancer cells a, Atox1/CCS knockdown or DC_AC50 (10 μM)-induced reduction of ATP levels in H1299 cells after 12 hours. b,c, DC_AC50 (10 μM) or Atox1/CCS knockdown significantly lowers the COX activity in H1299 cells after 12 hours. d, The reduced COX activity by DC_AC50 (10 μM) treatment could be rescued by Atox1/CCS overexpression. e,f, The expression levels of COX subunit 1 (COX1) and subunit 2 (COX2) decreased with different concentrations of DC_AC50 (0-10 μM) or Atox1/CCS knockdown after 12 hours. g,h, Oxygen consumption decreased with DC_AC50 (10 μM) or Atox1/CCS knockdown in H1299 cells after 12 hours. i-l, Treatment with the inactive control compound ZYAT36 (10 μM) did not affect the ATP level (i), COX activity (j), oxygen consumption (k) or the expression level of COX1,2 (l) in H1299 cells. Error bars, mean ± s.e.m., n = 3 biological replicates. *P < 0.05, **P < 0.005. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. significantly reduce lipid biosynthesis after 12 hours. g,h, Treatment with the inactive control compound ZYAT36 (10 μM) did not induce a reduction of lipid biosynthesis (g), AMPK activation or ACC1 phosphorylation (h) in H1299 cells after 12 hours. i, AMPK activation and ACC1 phosphorylation by DC_AC50 (10 μM) and rescue assays with compound C and NAC in H1299 cells after 12 hours. j, Cell-proliferation inhibition by DC_AC50 (10 μM) could be partially rescued by NAC or compound C. Treatment with both NAC and compound C almost completely rescued cell-proliferation inhibition by DC_AC50 (10 μM) in H1299 cells. Error bars, mean ± s.e.m., n = 3 biological replicates. *P < 0.05, **P < 0.005.
